INTRODUCTION
Phosphate is an essential nutrient and it is required, for example, for the biosynthesis of nucleotides, ATP, DNA and RNA, and for the functional regulation of proteins by phosphorylation. However, phosphate is one of the least available nutrients in the environment. Therefore, regulatory mechanisms have developed for the acquisition, storage, and metabolism of phosphate. One such regulatory mechanisms involves the induction of the expression of genes for proteins that participate in the uptake of phosphate and/or increase the availability of phosphate under phosphate-limiting conditions. The induced expression of such genes has been observed under phosphate-limiting conditions in eubacteria, such as PhoB, which regulates the expression of genes in the Pho regulon that encode alkaline phosphatase, phosphate transporters, and other relevant proteins (1) . In B. subtilis, the expression of genes in the Pho regulon is regulated by a two-component signal-transduction system that consists of a histidine kinase, PhoR, and a response regulator, PhoP (2) .
In a previous study, we identified two genes in Synechocystis, namely, sll0337 (sphS; hik7) and slr0081 (sphR; rre29), that encode proteins that are homologous, respectively, to PhoR and PhoB of E. coli, to PhoR and PhoP of B. subtilis, and to SphS and SphR of Synechococcus (3) . We found that the SphS-SphR two-component system induced the expression of alkaline phosphatase in response to phosphate limitation.
However, we did not determine whether this two-component system regulates only some or all aspects of phosphate limitationinducible gene expression in Synechocystis.
In the present study, we used DNA microarrays to analyze the genome-wide expression of genes in Synechocystis that occurs in response to phosphate limitation. We found that the expression of 12 genes was strongly induced while that of only one gene was strongly repressed by phosphate limitation. We also determined by sequencing the regions flanking the kanamycin-resistance gene cassette and it was found to be 384 bp downstream of the site of the initiation of translation. The resultant plasmid was designated pT7sphR::Km r and used for transformation of Synechocystis as described previously (9) .
To examine the extent of replacement of the sphS and the sphR genes by the corresponding mutated gene in mutant cells, we amplified the genes using the chromosomal DNA from wild-type, DsphS, and DsphR cells and pairs of synthetic primers for the sphS and sphR genes, respectively.
Culture conditions --Wild-type and mutant cells were grown at 34 °C in BG-11 medium (10) as described previously (11) .
Phosphate-limiting conditions were established by centrifugation and gel filtration as follows. A culture of Synechocystis cells in BG-11 medium was centrifuged at 25 °C at 3,000 x g for 5 min. The pellet was resuspended in 3 ml of phosphate-free BG-11 medium, in which K 2 HPO 4 (0.18 mM) had been replaced by an equimolar solution of KCl (0.18 mM) to give a concentration of Cl -ions of 0.31 mM. To remove phosphate completely, the suspension was passed through a desalting column (PD-10; Amersham Biosciences, Piscataway, NJ; bed volume,
DNA microarray analysis --An aliquot of culture was withdrawn rapidly and cells were killed immediately by addition of an equal volume of ice-cold ethanol that contained 10% (w/v) phenol. Total RNA was extracted as described previously (12) and then cDNAs, labeled with fluorescent dyes (Cy3-dUTP and Cy5-dUTP; Amersham Pharmacia Biotech), were prepared from 5 mg of total RNA with an RNA fluorescence labeling core kit (Moloney murine leukemia virus version 2.0; TAKARA Biomedicals, Kyoto, Japan). DNA microarrays (CyanoCHIP Version 1.6) were purchased from TAKARA Biomedicals. After hybridization, each microarray was rinsed and scanned as described previously (12, 13) .
Overproduction of His-tagged SphR in E. coli and its purification--We digested plasmid pT7sphR with BamHI and XhoI and cloned the resultant fragment into the plasmid vector pET28a
(Novagen) for subsequent expression of a fusion protein with a His tag at the amino terminus. The product was designated pETsphR and used for the transformation of E. coli BL21(DE3)pLysS. Transformed cells were grown at 37 °C in 500 ml of LB medium (1.0% tryptone, 0.5% yeast extract, and 171 mM -10 - Rapid and slow responses --As noted above, both Pst systems were induced by phosphate limitation in Synechocystis.
However, induction of the expression of the six genes in Pst1 occurred within 20 min of exposure to phosphate-limited conditions and the levels of expression of these genes remained high for 8 h (Table I) . By contrast, the responses of the four genes in Pst2 occurred much more slowly. Induction became apparent at 1 h and transcripts reached a maximum level at 8
h. The expression of the phoA gene and the nucH gene occurred only slowly (Table I) Synechocystis, these sequences were separated by 3 bp (Fig. 3A) .
To determine whether SphR can bind to the upstream flanking regions of the various genes, we overexpressed SphR in E. coli as a soluble fusion protein with a His tag at its amino terminus.
The relative molecular mass of the His-tagged SphR (His-SphR), after purification by affinity chromatography, was estimated by SDS-PAGE to be 33.4 kDa, which was the same as that deduced from the amino acid sequence of the fusion protein.
We examined the DNA-binding activity of His-SphR in gel mobility shift assays with a 32 P-labeled fragment of DNA that corresponded to the flanking region from positions -294 to -1 upstream of the codon for the initiation of translation of the phoA gene (Fig. 3A) . We detected a band that was due to formation of a complex between His-SphR and the upstream flanking region of the phoA gene ( (Fig. 3B, lanes 9 and 10) . These results suggest that SphR was able to bind specifically to the upstream flanking regions of the phoA, sphX, and pstS2 genes.
In order to confirm that the consensus sequence (Table I ). These genes encode proteins that are involved in phosphate transport and increases in phosphate availability (Table I ). The region upstream of the site of initiation of translation, which might include the promoters of phoA, sphX, and pstS2, contained repeats of the PyTTAAPyPy(T/A) consensus sequence (Fig. 3A) . Gel mobility shift assays indicated that SphR was able to bind to DNA fragments that corresponded to the putative promoter regions of the phoA, sphX, and pstS genes (Fig. 3B ).
These fragments contained direct repeats of PyTTAAPyPy(T/A) that were separated by 3 bp (Fig. 3A) . Moreover, SphR was also able to bind to a synthetic DNA fragment of 30 bp that contained three such repeats (Fig. 4) , a result that suggests that this 3A) . Our DNA microarray analysis demonstrated that the extent of induction of the expression of both the phoA and pst2 genes was much higher than that of pst1 genes (Table I) (Table I ).
This repression was regulated by the SphS-SphR two-component system in Synechocystis (Table II) It has not been found in P. marinus SS120 and P. marinus MIT9312.
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